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ABSTRACT 
Various t r a n s i t i o n  methods a r e  used here  t o  study the viscous e f f e c t s  encoun- 
t e r e d  i n  low dens i ty ,  hypersonic f l i g h t ,  through the  t r a n s i t i o n  from f r e e  molecular 
t o  continuum flow. Methods u t i l i z i n g  Viking Data, Shu t t l e  o r b i t e r  da ta ,  a Po t t e r  
number parameter and a Shock Reynolds number kere implemented i n  the  Program t o  
Optimize Simulated Tra j ec to r i e s  (POST 1 . Simulations of the  Aeroass i s t  F l i g h t  
Experiment (AFE)  using open loop guidance were used t o  a s ses s  the  aerodynamic 
performance of the vehicle.  A bank angle was found f o r  each t r a n s i t i o n  method t h a t  
would r e s u l t  i n  a 200 naut ical-mile  apogee. 
Once t h i s  was done, the  open loop guidance was replaced by the  proposed guidance 
algorithm f o r  the  AFE. Simulations were again conducted using t h a t  guidance and the  
d i f f e r e n t  t r a n s i t i o n s  f o r  comparison. For the  gains used, the  guidance system showed 
some s e n s i t i v i t y  i n  apogee a l t i t u d e  t o  the  t r a n s i t i o n  method assumed, bu t  t he  
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INTRODUCTION 
The development of an o r b i t i n g  Space S ta t ion  has generated a need f o r  a space- 
based, reusable  vehicle ,  capab1.e of t r a n s f e r r i n g  la rge  payloads from a high energy 
o r b i t  t o  a Low Earth Orbi t  (LEO). Although t h i s  type of maneuver can be done propul- 
s i v e l y  through a Hohmann t r a n s f e r ,  the  amount of p rope l l an t  required l i m i t s  the  pay- 
load capacity.  Another method i s  an ae roass i s t ed  maneuver which u t i l i z e s  the aerody- 
namics of the vehicle  by dippin i n t o  the  Ear th ' s  upper atmosphere and expending 
energy through drag and heat .  r13 Once the  vehicle  e x i t s ,  a comparatively smal le r  
change i n  ve loc i ty  is needed t o  c i r c u l a r i z e  the  o r b i t  a t  apogee, thus providing 
s i g n i f i c a n t  p rope l l an t  savings.  Remaining i n  the  atmosphere too long, however, w i l l  
r e s u l t  i n  extreme h e a t  r a t e s ,  and excessive energy loss h i c h  will prevent the  
vehicle  from escaping. 
Because the  success  of t he  mission depends heavi ly  on the  energy loss induced by 
the  atmospheric pass ,  t he  aerodynamic performance of the  vehicle  i s  important.  From 
previous missions it can be seen t h a t  i n  l o w  dens i ty ,  hypersonic f l i g h t ,  vehic les  
experience a l a rge  decrease i n  performance due t o  scous e f f e c t s  encountered i n  the  
t r a n s i t i o n  from free molecular t o  continuum flow. [3 Rarefied, hypersonic f l o w  
causes: ( 1 )  a l a rge  increase  of f r i c t i o n  e f f e c t s ;  ( 2 )  a moderate increase  of some 
pressures ;  ( 3 )  wall and shock s l i p ;  and ( 4 )  a thickening and merging of the shock and 
boundary layers .  Current research f ac i l i t i e s  are unable fo simulate  the  condi t ions  
encountered i n  t h i s  type of s i t u a t i o n ,  and the e x i s t i n g  da ta  are i n s u f f i c i e n t  f o r  
f u r t h e r  AOTV design s tud ie s .  The Aeroass i s t  F l i g h t  Experiment (AFE) i s  an e f f o r t  t o  
ob ta in  f u r t h e r  da ta  t h a t  will a i d  i n  the  v e r i f i c a t i o n  of the  computational codes 
needed t o  design the  AOTV's. 
The AFE will be deployed by the  Shu t t l e  o r b i t e r  i n  LEO and will f i r e  i ts  Solid- 
p rope l l an t  Rocket Motors (SRM) i n  order  t o  give i t  the  ve loc i ty  necessary t o  s imula te  
an AOTV r e t u r n  from geosynchronous o r b i t .  Af te r  passing through the atmosphere and 
expending enough energy t o  achieve the required t a r g e t  apogee, the  vehic le  w i l l  con- 
t i n u e  t o  apogee h e r e  it will c i r c u l a r i z e  t o  rendezvous with the Shu t t l e  (Figures 1 
and 2). In order  t o  p r e d i c t  r e a l i s t i c a l l y  the  t r a j e c t o r y  of the mission f o r  i n s t r u -  
ment c a l i b r a t i o n  purposes and guidance development, the  Viscous e f f e c t s  encountered 
i n  the t r a n s i t i o n  regime must be taken i n t o  account. Because no agreement e x i s t s  
on a fundamental parameter t o  c o r r e l a t e  accura te ly  the  e f f e c t s  on aerodynamic 
performance, only the  continuum values have been used previously.  Four e x i s t i n  
( 2 )  Lockheed br idging formula; Q4P ( 3 )  a Po t t e r  number;[5r and ( 4 )  t he  Shock Reynolds 
number t r a n s i t i o n .  [6] 
f l i g h t  appl ica t ion ,  the  guidance algorithm used i n  the  guidance system of the  AFE . 
must be universa l  enough t o  be ab le  t o  handle a reasonable amount of e r r o r .  
methods are s tudied  and d iscus  e i n  t h i s  paper: (1) V i  i ng  da ta  co r re l a t ion ;  rS 1 
Because none of the  methods have been v e r i f i e d  i n  a d i r e c t  
Modifications e r e  made i n  the  th ree  degree-of-freedom version of the  Program t o  
Optimize Simulated Tra j ec to r i e s  (POST) t o  include t m  subrout ines:  ( 1 )  one w i t h  fou r  
viscous ca l cu la t ion  opt ions (Appendix A ) ;  and (2) one w i t h  the  cu r ren t  proposed 
guidance algorithm f o r  the  AFE. In  order  t o  r a t e  the  aerodynamic performance of t h e  
AFE, open loop guidance vers ions of the  program e r e  run with the  four  d i f f e r e n t  
- 
2 
aerodynamic t r a n s i t i o n  models, and with the  s tandard continuum values  t o  be used f o r  
comparison. Closed loop guidance vers ions using the  proposed algori thm bere a l s o  run 
i n  order  t o  tes t  i t s  a b i l i t y  t o  handle the  d i f f e r e n t  br idging  models and s t i l l  
reasonably meet the  t a rge ted  condi t ions.  17] 
cr i ter ia  were used f o r  a l l  the  runs and are shown on Figures  1 and 2.  
The same i n i t i a l  condi t ions  and event  
B 
TRANSITION FROM FREE MOLECULAR TO CONTINUUM FLOW 
The f i rs t  opportuni ty  t o  study the  e f f e c t s  of low dens i ty  hypersonic f l i g h t  on a 
vehicle  e n t e r i n g  the  atmosphere arose with the e n t r y  of the  Mars probe, t he  Viking 
lander ,  i n t o  the  Martian atmosphere. Using f l i g h t  measurements from pressure  
instruments ,  accelerometers,  and a mass spectrometer,  the  previously unknown values  
of t he  drag c o e f f i c i e n t  between the  f r e e  molecular and continuum values were 
defined. 131 Using these  da ta ,  J i m  Jones of t he  Langley Research Center e s t a b l i s h e d  
an equat ion which calculates values f o r  t he  drag c o e f f i c i e n t  i n  the  t r a n s i t i o n  regime 
as a func t ion  of a parameter c a l l e d  VBAR. VBAR i s  the  Mach number divided by the 
square r o o t  of t h e  f r e e  stream Reynolds.number. 
Another method was derived using the  Shu t t l e  Aerodynamic Design Data Book. The 
Lockheed Bridging Formula t h a t  comes from these da ta  r equ i r e s  only two endpoints ,  
which are the  f r e e  molecular and continuum values f o r  t he  drag c o e f f i c i e n t .  This 
formula i s  modeled a f t e r  the  r e l a t i v e l y  high pressure  drag component of h o t  cy l in-  
ders.  The r a r e f a c t i o n  e f f e c t s  of the  t r a n s i t i o n  hypersonic f low are accounted f o r  
us ing  a fundamental parameter c a l l e d  the Knudsen number. This parameter i s  equal  t o  
the  f r e e  stream mean f r e e  path divided by the  c h a r a c t e r i s t i c  length of the  vehic le ,  
which is  the  diameter i n  t h i s  case. This br idging formula i s  unique t o  t h e  design of 
t he  vehic le ,  and i s  based s o l e l y  on empir ica l  data .  In the  s t u d i e s  done i n  t h i s  
-paper the  c o e f f i c i e n t  of l i f t  i s  a l s o  var ied  using the  Lockheed Bridging Formula. 141 
The t h i r d  method t o  be discussed i n  t h i s  paper was formulated by Lei th  Po t t e r  of 
Vanderbi l t  Universi ty ,  who is  an expert i n  l o w  dens i ty  f l u i d  dynamics. The parameter 
used here ,  Po t t e r  number, is  a Reynolds number cor rec ted  f o r  t he  enthalpy of the 
f l o w .  An argument proposed by Po t t e r  is t h a t  l i f t i n g  f l i g h t  through d i f f e r e n t  types 
of f low involves  changes i n  angles  of a t t a c k  and even changes i n  the  shape o f  t h e  
vehicle .  To account f o r  these  e f f e c t s ,  he  inc ludes  an SSTAR i n  h i s  P o t t e r  number 
c a l c u l a t i o n  which i s  the  c ros s  s e c t i o n a l  area divided by the wetted area of t h e  
vehic le  raised t o  the one half  povmr. S o m e t i m e s  there is a problem w i t h  c a l c u l a t i n g  
the wetted area when the  l i n e s  of s epa ra t ion  are hard  t o  determine. A v a r i e t y  of 
drag  c o e f f i c i e n t  data obtained from spheres ,  b lun t  nosed cones, l i f t i n g  bodies and 
the  Shu t t l e  o r b i t e r  c l o s e l y  correlate w i t h  t he  Po t t e r  number.[5] 
The four th  t r a n s i t i o n  method involves  a c o r r e l a t i n g  parameter c a l l e d  the  Shock 
The Shock Reynolds number is  def ined as Reynolds number (Re2) .  
L. 
where pOD is  the  f r e e  stream dens i ty ,  V, i s  the f r e e  stream ve loc i ty ,  D i s  a 
reference length,  and p 2  i s  the  v i s c o s i t y  behind the  shock. [6] For Re2 < l o 4  and - .- 
3 
Mach number > 14, l i f t ,  drag, and moment c o e f f i c i e n t s  tend t o  c o r r e l a t e  with 
f o r  b lun t  bodies. A representa t ion  of CD and CL va r i a t ions  with R 
f r e e  molecular f low and continuum flow has been developed and these  t r a n s i t i o n  equa- 
t i o n s  have been included i n  this inves t iga t ion .  
Re2 between e2  
A l l  four  t r a n s i t ' o n  methods resemble an exponent ia l  curve f i t  between the  f r e e  4 molecular and continuum hypersonic f l i g h t  drag coe f f i c i en t s .  Figure 3 shows the  d i f -  
ference between the  t w o  drag c o e f f i c i e n t  values versus angle of a t t a c k ,  and Figure 4 
compares the t r a n s i t i o n  methods used t o  br idge the  gap. Figure 5 shows the  gap be- 
tween the  t w o  l i f t  c o e f f i c i e n t  values versus angle of a t t ack ,  and Figure 6 compares 
the c o e f f i c i e n t  of l i f t  v a r i a t i o n  used i n  the  Lockheed Bridging and R methods 
with the  constant  value used i n  the  Viking and P o t t e r  versions. It  should be. noted 
t h a t  t he  aerodynamics of the  vehicle  were c u t  of f  once the  vehicle  reached 400,000 
f e e t ,  which i s  considered t o  be the  edge of the  atmosphere. 
e2 
OPEN LOOP AERODYNAMIC SIMULATIONS 
Before a guidance algorithm could be implemented i n t o  the  program it was neces- 
s a r y  t o '  determine the  veh ic l e ' s  performance c a p a b i l i t i e s .  Comparative t r a j e c t o r i e s  
using the  four  ava i l ab le  t r a n s i t i o n  l i f t  and drag c o e f f i c i e n t s ,  along with the con- 
tinuum l i f t  and drag c o e f f i c i e n t  were examined using POST. A t a r g e t  apogee of 200 
n a u t i c a l  miles, and a h e a t  rate not  exceeding 180 Btu/ft2-sec was required f o r  the  
mission t o  be considered successful .  It should be noted that  the hea t ing  r a t e s  shown 
h e r e  do not include co r rec t ions  f o r  Viscous e f f e c t s  l i k e  those included f o r  the  
aerodynamic coe f f i c i en t s .  Therefore, t h i s  i s  not  a v a l i d  eva lua t ion  of the  a c t u a l  
hea t ing  rates. The vehic le  was kept  a t  a cons tan t  angle of a t t a c k  of 17 degrees,  and 
the program continued t o  a l t e r  the  bank angles  u n t i l  the  mission ob jec t ives  -re 
m e t .  The bank angle  which worked f o r  the  s tandard vers ion was then used i n  the  o ther  
t h ree  vers ions i n  order  t o  determine the  s e n s i t i v i t y  of the  maneuver. The r e s u l t s  of 
t hese  runs can be s tud ied  i n  Table I. I t  can be seen t h a t  a change of less than 
0.1 degrees i n  the  bank angle can r e s u l t  i n  an e r r o r  of almost 8 n a u t i c a l  miles i n  
the projec ted  apogee. This can also be i n t e r p r e t e d  as a very small change required 
t o  put  the AFE back on course i n  case something unforeseen arises. Overal l  the  AFE 
has  the aerodynamic c a p a b i l i t y  necessary t o  make t h i s  mission a success.  What is  
needed i s  a guidance algorithm *ich can use these performance c a p a b i l i t i e s  t o  t h e i r  
b e s t  advantage. 
CLOSED LOOP GUIDANCE SIMULATIONS 
The guidance algori thm implemented i n  POST was developed t o  meet the  demands f o r  
an aerobraking t r a j e c t o r y  guidance technique t h a t  was uncomplicated, e a s i l y  i n t e -  
gra ted  and adaptable t o  a range of vehic le  aerodynamic configurat ions.  Included i n  
the requirements was the  a b i l i t y  t o  handle d ispers ions  i n  e n t r y  condi t ions ,  atmo- 
spher ic  condi t ions,  and aerodynamic c h a r a c t e r i s t i c s .  This algori thm uses the  bank . 
angle  t o  con t ro l  t he  l i f t  vector  so the  vehicle  w i l l  r e t a i n  only the  magnitude of en- 
ergy needed a t  the e x i t  po in t  i n  order  t o  achieve the  t a r g e t  apogee. 
Rol l  r eve r sa l s  are used t o  con t ro l  the  i n c l i n a t i o n  a t  the  e x i t  point .  No 
o r b i t a l  plane change i s  wanted i n . t h i s  case,  so the  vehic le  must bank l e f t  and 
r igh t .  The r o l l  r a t e  i s  l imi t ed  t o  a maximum of 15 degrees per  second i n  a l l  the 
- cases presented here ,  and the  reac t ion  con t ro l  system is  not  a c t i v a t e d  so the  angle  - 
4 
of a t t a c k  s t ays  constant .  Other than the  the  d i f f e rences  descr ibed above the  same 
condi t ions wre used here  as i n  the  open loop runs. 
During the  i n i t i a l  use of t he  guidance rout ine ,  some unsteady behavior i n  t he  
bank angle  was observed. Discussion with the  au thors  of re ference  5 ind ica t ed  t h a t  
t h i s  unsteady behavior had been reduced by changing the  method of maintaining the 
des i red  i n c l i n a t i o n  angle.  This new guidance algori thm was used i n  t h i s  study. [71 
The guidance vers ion was run f o r  a l l  four  t r a n s i t i o n  cases, and again it must be 
noted t h a t  no viscous co r rec t ions  wre included f o r  t he  h e a t  ra te  ca l cu la t ion .  The 
r e s u l t s  are shown i n  t abu la r  form i n  Table I1 and on p l o t s  i n  Figures 7-16. In a l l  
four  cases the  mission objec t ives  were achieved with an e r r o r  of less than -01 
degrees i n  t h e  i n c l i n a t i o n ,  bu t  t he  apogee a t t a i n e d  var ied  by as much as 8 nautica-l  
m i l e s . '  Errors  of up t o  20 n a u t i c a l  miles i n  apogee can be compensated f o r  so  these  
e r r o r s  wre not  excessive.  The change i n  ve loc i ty  required a t  apogee t o  c i r c u l a r i z e  
the  o r b i t  does no t  exceed the  budget a l loca t ion .  The h e a t  ra te ,  minimum a l t i t u d e ,  
and maximum acce le ra t ion  a l l  f e l l  within the  acceptable  design l i m i t s  of t he  vehicle .  
The bank angles  commanded by the  guidance are shown as Figures 1 7  through 21 f o r  t h e  
f i v e  t r a n s i t i o n  methods. As can be seen the  cha rac t e r  of t he  command i s  a f f e c t e d  by 
the  t r a n s i t i o n  assumed. 
CONCLUSIONS 
Plo t s  of t he  t r a n s i t i o n  values f o r  the  drag c o e f f i c i e n t  wre similar and seem t o  
br idge  the  gap reasonably. 
The CD us ing  the Po t t e r  number t r a n s i t i o n  never reaches the  continuum value,  
emphasizing the  e f f e c t s  included i n  the  SSTAR parameter. 
The t r a j e c t o r y  parameters d id  not  vary g r e a t l y  regard less  of which t r a n s i t i o n  
method was used i n  t h e  s imulat ion and t h e  guidance algori thm e s s e n t i a l l y  handled t h e  
mission i n  each case. However, t he  t r a n s i t i o n  method assumed changed the  cha rac t e r  
of the  commanded bank angle  and the  apogee a l t i t u d e  showd  some s e n s i t i v i t y  t o  t h e  
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Table I. Trans i t ion  Method Comparison with Aerodynamic Model 
Max Minimum 
Alt i tude 
1 (9's 1 
4 for  a 
200 NM 
A l t a  
A V  t o  Max H e a t  
a t  Apogee Btu/ft2-sec 
C i r c u l a r i z e  Rate 





334.733 1 55.758 
334.536 155. 785 








AV t o  
C i  r cu l a r  i ze 





( g ' s  1 
I n c l i n a t i o n  Apogee 
Angle 
Minimum 
Al t i tude  4oo,ooo ft. Achieved 
2.274 
2.272 
251 812 28.50 198.0 
251 829 28.50 , 195.0 
322.80 148.448 




192.1 248 670 28.49 
245 583 28.50 189. 2 
T r a n s i t i o n  
Method 
Used f o r  
CL and CD 
Inc l i n a  ti 
400,000 f 
Angle 
Pro j ec te  d 








CL and CD 32.246 
Viking 
Data CD 32.242 
Lockhe e d 
Bridging 
CD and CL 
32.238 
Potter  




CL and CD 
32.161 
Table 11. Trans i t i on  Method Comparison w i t h  Guidance Model 
Trans i t ion  
Method 
Used f o r  
CL and CD 
Continuum 
CL and CD 
Viking 
D a t a  CD 
Lockheed 
Bridging 
CD and CL 
2.273 1 248 010 1 28.50 1 195.9 1 
Potter 









I n i t i a l  Fl ight  
Characteristics of Proposed 
AFE 
Weight 2741 lbs. 
Velocity 3382.6 f t/sec . 
Sref 154 sq. f t .  
Gamma -4.5 deg. 
Alpha 17 deg. (trim) 
L 14 f t .  
1976 Standard Atmosphere assumed 
ref 
Figure 1 .  W E  basic structure - propulsion module, and heat shie ld  with a 
thermal protection system. 
' \  
AFE Mission R v e n t c ?  
E2,,\ \ 
~ ~ ---- -- - - -.. -Y 
1 .  Enter Atmosphere at 
400000 ft. 
400000 f t .  
. . :. :. 2. E x i t  Atmosphere a t  













































































Figure 4. Comparison of. drag coefficient from several transition methods versus 
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Figure 7 .  Time h i s t o r i e s  of i n e r t i a l  ve loc i ty ,  a l t i tude ,  and heat rate for runs 
with standard C and C and guidance act ive .  
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Time h i s t o r i e s  of drag coe f f i c i ent ,  l i f t  c o e f f i c i e n t ,  and a l t i t u d e  
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Figure .9. Time histories of ve loc i ty ,  a l t i tude ,  and heat rate for runs w i t h  
Viking l i f t  c o e f f i c i e n t  and drag c o e f f i c i e n t  and guidance ac t ive .  
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Figure 1 1  Time histories of ve loc i ty ,  a l t i tude ,  and heat rate for runs with 
Lockheed l i f t  c o e f f i c i e n t  and drag c o e f f i c i e n t  and guidance a c t i v e .  
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Figure 12. nme h i s t o r i e s  of drag c o e f f i c i e n t ,  l i f t  c o e f f i c i e n t ,  and a l t i tude  
for runs w i t h  Lockheed drag c o e f f i c i e n t  and l i f t  c o e f f i c i e n t  and 
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Figure 13.- Time histories-of velocity, altitude, and heat rate for runs w i t h  
Potter U f t  coefficient and drag coefficient and guidance active. 
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Figure 14. Time h i s t o r i e s  of drag coe f f i c i ent ,  l i f t  c o e f f i c i e n t ,  and a l t i t u d e  
for runs with Potter drag c o e f f i c i e n t  and guidance ac t ive .  
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Figure  15. Time h i s t o r i e s  of ve loc i ty ,  a l t i tude ,  and heat rate  for runs with 
Shock Reynolds l i f t  c o e f f i c i e n t  and drag c o e f f i c i e n t  and guidance ac t ive .  
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Time histories of drag coefficient, l i f t  coefficient, and altitude 
for runs with Shock Reynolds l i f t  coefficient and drag coefficient 
guidance active. 
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Figure 18. Bank angle t i m e  history for Viking t rans i t ion .  
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Figure 21. Bank angle time his tory  for Shock Reynolds t r a n s i t i o n .  
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